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Abstract
The role pulsar wind nebulae play in producing our locally observed cosmic ray spectrum remains murky, yet
intriguing. Pulsar wind nebulae are born and evolve in conjunction with SNRs, which are favored sites of Galactic
cosmic ray acceleration. As a result they frequently complicate interpretation of the gamma-ray emission seen from
SNRs. However, pulsar wind nebulae may also contribute directly to the local cosmic ray spectrum, particularly the
leptonic component. This paper reviews the current thinking on pulsar wind nebulae and their connection to cosmic
ray production from an observational perspective. It also considers how both future technologies and new ways of
analyzing existing data can help us to better address the relevant theoretical questions. A number of key points will
be illustrated with recent results from the VHE (E > 100 GeV) gamma-ray observatory VERITAS.
Keywords:
1. Introduction
The discovery of cosmic rays in the early twentieth
century [1, 2] inaugurated a decades-long, serialized
mystery story that has yet to be completed. At the heart
of the mystery lies a set of of simple questions. What
particles appear in the cosmic ray spectrum that we see
from Earth? Where do these particles originate? How
are they accelerated? In recent decades direct cosmic
ray observations have brought us a wealth of informa-
tion on the cosmic ray spectrum and its composition,
clues to the types of environments in which cosmic rays
are born. The interaction of these particles with inter-
stellar magnetic fields, however, prevents them from be-
ing traced back to their point of origin.
In order to pursue the other half of this mystery—the
nature of cosmic ray accelerators—we must use the sec-
ondary photon radiation produced in these cosmic ray
nurseries. These high-energy (300 MeV - 100 GeV)
and very high-energy (VHE; E > 100 GeV) gamma
rays are not deflected by interstellar magnetic fields
and can be used to map cosmic ray populations in and
near their parent accelerators. The different processes
by which relativistic cosmic ray electrons, protons, and
heavier nuclei produce high-energy gamma rays leave
characteristic imprints on the gamma-ray energy spec-
trum of particular astrophysical accelerators. These fea-
tures may be used to constrain the composition and en-
ergy spectrum of accelerated particle populations.
The local cosmic ray spectrum is known to be a mix
of protons and heavier nuclei, with a smaller admixture
of leptons. A mix of astrophysical accelerators within
and outside our Galaxy is believed to contribute, in-
cluding shocks arising in supernova remnants (SNRs),
shocks formed by interacting high-velocity winds from
massive stars [3], pulsars, and active galactic nuclei
(AGN). We focus here on a single subplot of a much
larger story—the role played by pulsar wind nebulae
(PWNe) in our quest to understand the Galactic cosmic
ray spectrum.
2. Dramatis Personae
No single gamma-ray observatory provides a com-
plete picture of the gamma-ray sky at all energies and
spatial scales. The Fermi Gamma-ray Space Telescope
(Fermi LAT) can map the entire gamma-ray sky between
300 MeV and 500 GeV over all spatial scales, with an
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Figure 1: Comparison to extant data from AMS-02 [4], Fermi
LAT [5], ATIC [6], HEAT [7], CAPRICE[8], BETS[9], and
H.E.S.S.[10] of a model considering contributions to the e±
flux from the following categories: e− from distant (> 3 kpc)
SNRs (dot-dashed yellow) and local SNRs (dotted green), sec-
ondary e± (long dashed red) and e± from PWNe (short dashed
blue). The model is derived from a simultaneous fit to all
AMS-02 data. Reproduced from [11]. (A color version of
this figure is available in the online journal).
on energy. However, Fermi LAT data become photon-
poor above 10 GeV. Efficient detection of gamma rays
above 100 GeV requires ground-based gamma-ray ob-
servatories. Arrays of imaging atmospheric Cherenkov
telescopes (IACTs), treat the atmosphere as the sensitive
volume of an electromagnetic calorimeter. Sampling the
pool of Cherenkov light produced by atmospheric show-
ers from multiple views permits better reconstruction of
the arrival direction and energy of the primary gamma
ray [12]. Currently-operating IACT arrays include
VERITAS and MAGIC in the northern hemisphere and
H.E.S.S. in the southern hemisphere. These instruments
have fields of view between 2◦ and 5◦. While the pre-
cise energy threshold varies by observatory, all are sen-
sitive between 100 GeV and 10 TeV. RPC carpet de-
tectors such as ARGO-YBJ [13] and water Cherenkov
detectors, such as the recently-decommissioned Mila-
gro [14, 15] and the newly-commissioned HAWC [16]
have wide fields of view and the best access to energies
above 10 TeV, effectively complementing the IACTs.
2.1. VERITAS
VERITAS, an array of four 12-m IACTs in southern
Arizona, is currently the most sensitive TeV gamma-ray
instrument in the northern hemisphere. Each of the four
cameras has a 3.5◦-diameter field of view (giving the
array an overall field of view of 3.5◦) and is equipped
with 499-pixel photomultiplier tube camera. VERITAS
has an angular resolution (68% containment) of better
than 0.1◦ at 1 TeV and is sensitive to sources with in-
tegral fluxes less than 1% of the Crab Nebula flux with
less than 30 hours of observation time. VERITAS has
been in continuous operation as a four-telescope array
since January 2007. It underwent a series of upgrades in
the period between 2009-2012 that increased the instru-
ment’s sensitivity [17] and decreased its energy thresh-
old.
2.2. Pulsar Wind Nebulae
The rapidly spinning neutron stars known as pulsars
are thought to be some of the most powerful sources of
electrons and positrons (e±) in the Galaxy [11]. The pul-
sar is thought to possess a strong, rotating magnetic field
that generates a powerful electric field, which then rips
particles free from the pulsar surface. Once accelerated,
these charged particles can produce further particle-
antiparticle pairs through curvature radiation, creating
a relativistic charged-particle wind. Since the pulsar is
created by a supernova explosion, both the pulsar and
its wind are initially located within the SNR. The in-
teraction of the pulsar wind with the slower supernova
ejecta creates a termination shock. The magnetized, rel-
ativistic plasma between the termination shock and the
ejecta is known as the pulsar wind nebula (PWN). Par-
ticles and antiparticles are accelerated to very high en-
ergies before becoming trapped by the PWN magnetic
field. Over time the PWN magnetic field weakens and
these particles are injected into the interstellar medium
(ISM).
3. Pulsar Wind Nebulae and the Positron Excess
The origin of cosmic ray electrons and positrons, like
the origin of the protons and heavier nuclei that make
up the dominant portion of the terrestrial cosmic ray
spectrum, is a question of great interest. Typical models
of the cosmic ray lepton spectrum invoke the following
contributions, as illustrated in Figure 1: electrons pro-
duced in SNRs and secondary electrons and positrons
from spallation reactions of hadronic cosmic rays with
the ISM. The secondary e± components are expected to
fall off quickly above 100 GeV; distant SNRs also con-
tribute strongly to the electron spectrum below this en-
ergy. Electrons produced in local SNRs are expected
to fill out the electron spectrum above 100 GeV. In this
picture the fraction of positrons in the cosmic ray lep-
ton spectrum should decrease with increasing energy, in
contradiction to results from ATIC [6], PAMELA [18],
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Fermi LAT [19] and AMS [4], which show that the
positron fraction in fact increases with energy. While
this effect could be produced by WIMP dark matter
annihilation, the anomalous positron fraction can also
be explained by nearby astrophysical sources, most no-
tably pulsars and PWNe.
e± accelerated in the magnetosphere of a mature pul-
sar are less likely to be confined by an associated PWN.
They have consequently been advanced as a viable ex-
planation of the positron fraction excess [20, 21]. Most
recently, Di Mauro et al. [11] have used AMS-02 data to
constrain pulsar/PWN origin scenarios for the positron
excess. As AMS-02 provides separate measurements of
the electron, positron, and all-lepton spectra as well as
the positron fraction, these data provide the largest set
of simultaneous constraints. Di Mauro et al. report that
these data can accommodate the positron excess using a
contribution from either the entire pulsar catalog, a few
(∼ 5) of the brightest local (d < 1 kpc) pulsars with
ages less than 3000 kyr, or a single local pulsar/PWN.
There are only three single-source candidates for which
the fit returns a physically reasonable requirement for
the emitted power. Of these, Di Mauro et al. strongly
favor Geminga, a 340 kyr old X-ray and gamma-ray pul-
sar with a compact (∼ 2′) X-ray PWN [22], since it is
the only source for which the e± emission efficiency is
not required to be close to one [11].
Others have also noted that the nearby Geminga pul-
sar could account for the positron excess on its own.
Yu¨ksel, Kislev, and Stanev, in particular, point to Mi-
lagro’s detection of > 20 TeV gamma-ray emission
(MGRO J0634.0+1745) in a 2.6◦ by 2.6◦ region sur-
rounding the pulsar as evidence for the production, ac-
celeration and escape of e± with energies up to 100 TeV
[23]. These authors note that more detailed constraints
on the spectrum and morphology of the TeV source are
vital to constraining the particle population. They also
anticipate a gamma-ray halo that extends into the en-
ergy range visible to IACTs and note that the halo at
these energies provides essential information about the
total energetics. For example, observing the gamma-
ray spectrum of the halo soften with increasing distance
from the pulsar would provide strong evidence for e±
cooling.
However, so far our picture of this nebula between
X-ray and multi-TeV energies remains blank. Fermi
LAT has only published upper limits on the flux from
the PWN [24]. VERITAS likewise has no confirmed
detection of the Geminga PWN [25, 26]. In both cases
this gap in our knowledge can be directly attributed to
limitations of the instruments and data analysis meth-
ods used. With Fermi LAT data, separating the much
Figure 2: Comparison of the VERITAS field of view (white
circle), centered at the position of the Geminga pulsar to the
morphology of MGRO J0634.0+1745.
weaker PWN emission from that of the extremely bright
pulsar is challenging and the methods used to do so—
looking at higher energies and looking only at off-pulse
emission—reduce the available photon statistics. In the
case of IACT observatories, the main difficulty is illus-
trated by Figure 2. Even for VERITAS, which has the
most generous field of view of all IACTs in the northern
hemisphere, MGRO J0634.0+1745 saturates the field
of view. Standard data-analysis methods such as the
reflected-region model and ring-background model [27]
rely on portions of the field of view distant from the
gamma-ray source to estimate the level of irreducible
cosmic ray background. These methods break down
when a source fills a large fraction the field of view.
4. Pulsar Wind Nebulae in a Cosmic Ray Labora-
tory
Motivated in part by the hard spectrum of the very
high-energy gamma-ray emission seen from the Vela
X PWN [28, 29], some theorists have advanced hybrid
PWNe models, in which the induced electric field ex-
tracts both e± pairs and heavy nuclei (e.g. iron) from
the neutron star surface [30, 31, 32]. In this picture,
the pulsar wind can play a significant role in accel-
erating these heavy nuclei and protons resulting from
their photo-disintegration, both of which are eventually
injected into the interstellar medium [30, 32]. These
models, coupled with the ubiquity of TeV gamma-ray-
emitting PWNe [33, 34], suggest pulsars/PWNe as a
(perhaps the only) source of Galactic cosmic rays above
the knee [30, 32]. This is consistent with measurements
that indicate a heavier cosmic ray mass composition
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above the knee [35].
Moreover, as products of stellar death, pulsars,
PWNe, and SNRs are born and evolve in concert. As
a result, PWNe present as a complicating factor when
trying to map regions of cosmic ray acceleration and
detect signatures of cosmic ray escape. In the absence
of unique spectral signatures, it is often unclear whether
high and very high-energy gamma-ray emission should
be attributed to particles accelerated within a SNR, or
to accelerated leptons in some nearby PWN seen in the
radio, X-ray, or optical. GeV gamma-ray emission from
some bright pulsars (particularly those with significant
off-pulse emission) can also be difficult to separate com-
pletely from the emission produced by a surrounding
remnant.
Moreover, no one gamma-ray observatory currently
in operation can provide the best determination of a
source’s gamma-ray spectrum at all energies, nor are
these instruments necessarily well-matched in angular
resolution. Milagro in particular has a best angular
resolution of 0.5◦ at 10 TeV and worse than 1.5◦ be-
low 2 TeV. Consequently, contributions from multiple
gamma-ray sources, the majority of which are actual
or potential PWNe [36], are commingled in key energy
ranges with the gamma-ray emission thought to arise
from actively or recently accelerated (hadronic) cosmic
ray populations. The inability to separate these sources,
particularly at the highest energies, makes it difficult to
establish the definitive broadband spectra needed con-
strain cosmic ray acceleration and escape models.
Nowhere are these challenges better illustrated than
in the portion of the Galactic Plane that contains the
Cygnus-X star-forming region (“Cygnus”). This re-
gion provides a superb laboratory for studying the early
phases of the cosmic ray life cycle. It is the richest star-
forming region within 2 kpc of Earth, with a total mass
in molecular gas that is at least ten times that of all other
nearby star-forming regions combined [38]. It contains
a wealth of massive stars in stellar nurseries, young
open clusters, and OB associations, the most massive
of which, Cyg OB2, has been the subject of decades of
focused observations by gamma-ray observatories [39].
However, the region’s very richness lends itself to the
types of source confusion discussed above. Moreover,
observations of Cygnus provide a tangential view of the
local arm, superimposing structures at many distances
along the line of sight [38]. Conclusively establishing
relationships between sources therefore relies on know-
ing the distance to each source, but these distances are
in many cases poorly constrained or entirely unknown.
Two areas of Cygnus are of particular interest.
One region surrounds hard-spectrum, spatially extended
gamma-ray emission observed by Fermi LAT above 3
GeV (1FHL J2028.6+4110e) [37, 40] that is interpreted
as a cocoon of cosmic rays. This region also con-
tains Cyg OB2 and the radio and X-ray SNR G78.2+2.1
[38, 41, 42]. The second region surrounds the OB asso-
ciation Cyg OB1.
4.1. The Cygnus Cocoon and its Vicinity
The Cygnus cocoon covers an elongated region
roughly four square degrees in size and fills a cavity
carved in the ISM by stellar winds from a nearby group-
ing of OB stars. The hardness of the gamma-ray spec-
trum between 3 GeV and 500 GeV indicates that the
generating cosmic ray spectrum is also hard, as it would
be if the cosmic rays filling the cocoon were freshly ac-
celerated [37, 40].
Determining the precise behavior of the cocoon spec-
trum at energies above 1 TeV is critical if we are to
correctly establish the nature and age of the accelerated
particles that fill the cocoon. The cocoon is co-located
with an extended source of > 20 TeV gamma rays seen
by Milagro (MGRO J2031+41) [43, 44]. While it is
tempting to use the Milagro result to constrain the be-
havior of the cocoon spectrum at higher energies, the re-
lationship between these two objects is not so straight-
forward. Viewed in gamma rays between a few GeV
and 20 TeV, the region surrounding the cocoon is rife
with sources, including at least one PWN and a SNR.
As illustrated in Figures 3 and 5, all or part of the emis-
sion from these sources may contribute to the MGRO
J2031+41 spectrum. Moreover, while Ackermann et al.
[37] argue that the collective action of winds of mas-
sive stars are responsible for accelerating the cocoon
particles, contributions from nearby phenomena such as
SNR G78.2+2.1 and the Cyg OB2 association cannot
be completely ruled out.
4.2. SNR G78.2+21.1 and VER J2019+407
SNR G78.2+2.1 (the γ Cygni SNR) is a nearby (∼ 1.7
kpc) shell-like radio and X-ray SNR ∼ 1◦ across (
[41, 42]). The radio and X-ray emission show higher-
intensity features to the north and south [45, 46]. At
∼7000 years [41, 47, 42] it is on the young side of mid-
dle age. It appears to be in an early phase of adiabatic
expansion into a low-density medium.
The center of the γ Cygni SNR hosts a low-
luminosity gamma-ray pulsar, PSR J2021+4026, which
may or may not be the remnant of the γ Cygni SNR’s
progenitor star [50, 51, 52]. Fermi LAT also ob-
serves hard (spectral index 2.39 ± 0.14) emission be-
tween 10 GeV and 500 GeV from the entire remnant
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Figure 3: MSX 8 µm infrared survey (color, Wm−2sr−1, log scale) for the vicinity of the Cygnus cocoon, showing the cavity in the
interstellar medium. Fermi LAT 0.16, 0.24 and 0.32 photons bin−1 contours for the cocoon are shown in cyan [37]. 5 standard
deviation contours for MGRO J2031+41, ARGO J2031+41, and the VERITAS sources are shown in yellow, pink, and white
respectively. (A color version of this figure is available in the online journal).
[37, 40]. VERITAS, by contrast, sees a more com-
pact region of emission, VER J2019+407, coincident
with the brightest part of the northern radio shell [36].
VER J2019+407’s nature and relationship to the emis-
sion detected by Fermi LAT below 500 GeV from the γ
Cygni SNR remains unclear. It is highly plausible that
VER J2019+407 originates from protons and heavier
nuclei accelerated in the SNR shock, but this scenario
raises a number of questions. First, the compactness of
VER J2019+407 is puzzling, given that high-intensity
radio features are visible in both the north and south and
the only indications of molecular material in the portion
of the shell opposite to VER J2019+407. Furthermore,
a reasonable power-law extrapolation of the Fermi LAT
source up to 1 TeV suggests that VERITAS should in
principle see emission from the majority of the SNR.
This puzzle admits at least two competing physical
solutions. The measured spectra of VER J2019+407
and the emission seen by Fermi LAT are both com-
pletely consistent with a power law with Γ = 2.4. How-
ever, the spectra of different regions of the γ Cygni
SNR may evolve differently above 500 GeV, with the
emission from the northern shell having a higher-energy
cutoff than the remainder of the remnant. This por-
tion of the remnant would consequently appear brighter
at higher energies. The effect could be accentuated
by systematic effects in the data analysis arising from
the size of the γ Cygni SNR and the presence of a
magnitude-2 star overlapping the southeastern portion
of the shell. Such effects would dilute VERITAS’ sensi-
tivity to emission from the entire SNR. VER J2019+407
may also be a chance superposition of a PWN in the the
γ Cygni SNR line of sight. While this interpretation is
not favored, it has recently been lent some weight by the
detection of a nearby hard X-ray point source [53].
4.3. TeV J2032+4130 and Cyg OB2
The serendipitous detection of the gamma-ray source
TeV J2032+4130, based on observations made by the
HEGRA IACT system, was reported in 2002 [54, 55].
Subsequent observations by the IACT observatories
MAGIC and VERITAS have confirmed the extension of
the source and provided more precise measurements of
its spectrum. All instruments find a power-law spectrum
consistent with Γ = 2.1, although there appears to be
some disagreement between VERITAS and MAGIC as
to the flux normalization [56, 57]. No measurement thus
far has found evidence for either an energy-dependent
morphology of the source or a spectral cutoff up to 20
TeV, although current measurements are not highly con-
straining in either case [56, 57].
Based on deep VERITAS observations of TeV
J2032+4130, Aliu et al. [57] strongly suggest that TeV
J2032+4130 is a relic PWN powered by the co-located
gamma-ray pulsar PSR J2032+4127 [50]. Uncertainties
in the estimate of the pulsar’s distance raise questions
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Figure 5: Potential contributions to the cocoon broadband spectrum: VER J2019+407 (red dots), TeV J2032+4130 (VERITAS, blue
dots; MAGIC, red butterfly), the γ Cygni SNR (1FHL [40] flux points, green squares; spectrum from [49], green butterfly) and
MGRO J2032+4130 (yellow butterfly). Also shown: the ARGO J2032+41 spectrum (pink butterfly), the cocoon flux points ([37],
black dots; [40], black squares), and Fermi LAT upper limits on the PWN of PSR J2032+4127 (red arrows). Figure courtesy Luigi
Tibaldo. (A color version of this figure is available in the online journal).
about TeV J2032+4130’s relationship to other struc-
tures in Cygnus-X. Application of standard Cordes and
Lazio [58] models for dispersion in the Milky Way to
recent radio observations [59] of the pulsar place PSR
J2032+4127 at 3.6 kpc, beyond Cyg OB2. Alterna-
tive approaches still place it at 1.7 kpc, consistent with
standard distance estimates for both Cyg OB2 and the γ
Cygni SNR [59]. On the grounds that few of the nearby
massive OB stars actually overlap the observed VHE
gamma-ray emission, Aliu et al. [57] disfavor a pre-
viously popular interpretation that TeV J2032+4130 is
powered by winds from OB stars in the Cyg OB2 asso-
ciation. However, the stellar wind hypothesis cannot be
definitively ruled out.
4.4. An Incomplete Picture
Figures 3 and 5 neatly illustrate the challenge of pin-
ning down a broadband spectrum for the Cygnus co-
coon from the extant multiwavelength data. On the one
hand, a simple power-law extrapolation of the Fermi
LAT spectrum to higher energies would agree with the
MGRO J2031+41 spectrum. On the other, four sources
seen below 10 TeV potentially contribute to the emis-
sion from MGRO J2031+41: the cocoon, the γ Cygni
SNR, VER J2019+407, and TeV J2032+4130. There is
no question that the cocoon and TeV J2032+4130 con-
tribute to the emission; the degree to which the γ Cygni
SNR and VER J2019+407 contribute is less clear. What
is clear is that the spectrum of any source contributing to
the emission from MGRO J2031+41 must cut off some-
where between 1 TeV and 20 TeV. Power-law extrap-
olations of the VER J2019+407 and TeV J2032+4130
spectra would quickly overshoot the MGRO J2031+41
spectrum above 20 TeV; extrapolations of the cocoon
and the γ Cygni SNR spectra would likewise be impos-
sible to accommodate.
Figure 5 includes the ARGO detection [13] for com-
pleteness. However, this detection is difficult to recon-
cile with the other observations as it has a flux level
comparable to MGRO J2031+41 but an extent compat-
ible with TeV J2032+4130.
4.5. MGRO J2019+37 and Cyg OB1
MGRO J2031+41 is not the only extended source
seen by Milagro within Cygnus-X. MGRO J2019+37
is the brightest Milagro source in the Cygnus region,
with a flux of about 80% of the Crab Nebula flux at
20 TeV [44]. The bright core of the source has an
extent of at least 1◦. As with MGRO J2031+41, in-
dications are that MGRO J2019+37 is a synthesis of












































Figure 4: Background-subtracted gamma-ray counts map
showing the VERITAS detection of VER J2019+407 and
its fitted extent (black dashed circle). Canadian Galactic
Plane Survey (CGPS) 1420 MHz continuum radio contours
at brightness temperatures of 23.6K, 33.0K, 39.6K, 50K and
100K (white) [48] show the extent of the radio remnant. The
star symbol shows the location of PSR J2021+4026. The
fitted centroid and extent of the emission detected by Fermi
LAT above 10 GeV are indicated by the inverted triangle
and dot-dashed circle (yellow). The open and filled trian-
gles (black) show the positions of the Fermi LAT catalog
sources 1FGL J2020.0+4049 and 2FGL J2019.1+4040, now
subsumed into the extended GeV emission from the entire
remnant [49]. The 0.16, 0.24, and 0.32 photons bin−1 con-
tours of the Fermi LAT detection of the Cygnus cocoon are
shown in cyan [37]. The VERITAS gamma-ray PSF is shown
for comparison (white circle, bottom right). Reproduced from
[36]. (A color version of this figure is available in the online
journal).
multiple gamma-ray sources, including multiple poten-
tial PWNe. Recent observations by VERITAS bear
this out. Figure 6 shows VERITAS’ current best pic-
ture of MGRO J2019+37 and its vicinity between 600
GeV and 10 TeV [60]. VERITAS already distinguishes
two sources in the region: the point-like source VER
J2019+368 and VER J2019+368, an apparent ridge of
diffuse emission ∼ 1◦ in length, roughly bounded by the
bright bubble H ii region Sh 2-104 to the west and the
energetic gamma-ray and radio pulsar PSR J2021+3651
to the east. There appears to be a clear correspondence
between VER J2016+371 and SNR CTB 87. CTB 87’s
radio morphology and the presence of pulsar candidate
CXOU J201609.2+371110 within the radio contours
support CTB 87’s identification as a PWN [60]. Aliu
et al. [60] also argue strongly for a relic PWN interpre-
tation of VER J2016+371/CTB 87.
Figure 6: Map of the gamma-ray excess above 600 GeV, seen
by VERITAS in the vicinity of MGRO J2019+37. The color
bar indicates the number of excess events within a 0.23◦ search
radius. White dashed circles indicate the regions used to ex-
tract the spectra of VER J2016+371 and VER J2019+368.
The 9σ significance contour of MGRO J2019+37 is overlaid
in solid white. The remaining solid ellipses, diamonds and
crosses indicate the locations of potential counterparts. Re-
produced from [60]. (A color version of this figure is available
in the online journal).
A unique interpretation of VER J2019+368 and
MGRO J2019+37 is more challenging. Figure 7 shows
that the VER J2019+368 spectrum merges with that of
MGRO J2019+37 at high energies. Taken together with
the ARGO-YBJ upper limits, which agree well with the
VERITAS spectrum, this argues for VER J2019+368 as
the dominant contribution to MGRO J2019+37. How-
ever, VER J2019+368 itself likely incorporates emis-
sion from several unresolved sources. These may in-
clude the PWN of PSR J2021+3651 and the H ii region
Sh 2-104.
5. The Next Chapter
In the preceding sections, we considered a number
of questions, including Geminga’s potential contribu-
tion to the positron excess and the nature and origin
of the accelerated particles in the Cygnus cocoon, that
point towards a common wish list in terms of both
new technology and new data analysis techniques. This
wish list includes: improved angular resolution, par-
ticularly at multi-TeV energies, to reduce source con-
fusion; improved sensitivity between 100 GeV and 10
TeV to highly extended (∼ 1◦ − 3◦) sources such as the
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Figure 7: Spectral energy distribution of MGRO J2019+37 and
VER J2019+368. The VER J2019+368 spectrum from 1 TeV
to almost 30 TeV (red dots) is best fit with a power law with
Γ = 1.75 ± 0.3. The original Milagro flux points are shown
at 12, 20 and 35 TeV (black triangles) [61, 62, 43]. The black
curve shows the 2012 best-fit spectrum for MGRO J2019+37:
a power law with a cutoff [44]. The shadowed area corre-
sponds to the 1σ band. ARGO-YBJ 90% confidence-level
upper limits for MGRO J2019+37 are shown with blue arrows
[13]. Reproduced from [60]. (A color version of this figure is
available in the online journal).
γ Cygni SNR, the Geminga gamma-ray PWN and the
Cygnus cocoon; more effective methods of combining
spatial and spectral information from multiple instru-
ments to constrain the accelerated populations respon-
sible for gamma-ray emission; and order of magnitude
improvements in detector effective area and sensitivity
above 100 GeV.
In this section we primarily consider near-term ad-
vances in technology and data analysis methods with
the potential to address the first three bullets of this wish
list.
5.1. HAWC
The newly-commissioned High Altitude Water
Cherenkov (HAWC) Observatory is a second-
generation water Cherenkov instrument, sensitive
to both gamma rays and cosmic rays between 100
GeV and 100 TeV [16]. HAWC consists of 300
water Cherenkov detectors, deployed over an area of
approximately 22,000 square meters. Each detector, a
water tank with 4 large photomultiplier tubes, samples
the energetic secondary particles that reach the ground
from an atmospheric shower initiated by a gamma- or
cosmic ray. The HAWC site is 4100m above sea level
in the mountains of central Mexico.
Figure 8: A comparison of the differential sensitivities of vari-
ous construction stages of HAWC to those of Fermi LAT and
typical IACT instruments. Reproduced from [16].
Figure 8 shows HAWC’s differential sensitivity as
a function of energy, compared to both Fermi LAT
and current IACT instruments. Above 10 TeV, HAWC
achieves angular resolution (∼ 0.1◦) comparable to that
of IACTs at 1 TeV and that of Fermi LAT above 1 GeV.
HAWC, which has angular resolution far superior to that
of Milagro at all energies, will bring the sources seen by
Milagro into sharper focus over a broader energy range.
However, below 10 TeV HAWC’s angular resolution
and sensitivity degrade sharply (HAWC’s angular res-
olution is ∼ 0.4◦ at 1 TeV). Since Fermi LAT’s effective
area begins to degrade past 10 GeV, this creates a “gap”
in coverage between 100 GeV and 10 TeV.
In the near term, this gap is best filled by IACTs
such as VERITAS. Together, these three instruments
can provide unbroken spectral coverage of regions such
as Cygnus-X and sources such as Geminga, with simi-
lar angular resolution, between 1 GeV and 100 TeV. In
order to take advantage of this treasure trove of data,
however, we must develop data analysis methods that
allow IACTs to grapple with sources comparable to or
larger than the field of view. We consider such a method
in the subsequent section.
5.2. The (“3D”) Maximum Likelihood Method
As noted earlier, the most commonly used IACT data
analysis methods perform poorly when presented with
a source that fills a large fraction of the field of view.
The classic technique of “on-off” observation compen-
sates for this by pairing source observations with obser-
vations of a blank field, with the off-source field used to
estimate the cosmic ray background level. This method
is inefficient as the time spent in off-source observations
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reduces the available source exposure by at least a fac-
tor of two. Unless the ratio of off-source to on-source
observations is kept much higher than two, this method
also has diluted sensitivity compared to the reflected-
region and ring-background methods. By contrast, an
innovative maximum likelihood method can achieve a
point-source sensitivity comparable to that of the ring-
background model [63].
The unbinned maximum likelihood method discussed
here is similar to that used by Fermi LAT . The “3D”
unbinned maximum likelihood method (3D MLM) pro-
posed for IACT instruments fits a multi-component
model to the distribution of photons in both projected
sky coordinates and a cosmic ray background rejec-
tion parameter. The inclusion of a background rejec-
tion parameter permits the fit to separate gamma-ray
source and background components even when the spa-
tial models of these components are indistinguishable
[63]. The preliminary studies described in this paper
use a well-understood and widely used background re-
jection parameter, mean scaled width (MSW) [64].
Probability density functions (PDFs) describe the dis-
tribution of the cosmic ray background and any poten-
tial gamma-ray sources in all three variables. The quan-
tity minimized is −2 ln L where L is the product of like-
lihoods (probabilities of obtaining the observed event
data, given the adopted model) over sets of observations
distinguished by key characteristics (e.g. the number of
telescopes used in event reconstruction, the sky tracking
position of the observation, the detector configuration,
the zenith angle and the range of reconstructed photon
energies). Each energy bin requires distinct source and
background models derived from simulations and cos-
mic ray data. Finer energy binning improves sensitivity
to spectral parameters but increases the volume of sim-
ulations and data needed to develop the models.
Models: The model for a given observation set i (data
category) takes the following form for the single-source
case:
Fi(x, y,w) = Niγ(τ, α j, Aie f f , S )S
γ
i (x, y)
×Mγi (w) + NiB(τ)S Bi (x, y) × MBi (w)
(1)
with S (x, y) and M(w) describing the signal and back-
ground spatial and MSW distributions, respectively.
The approximation of the three-dimensional PDF by a
product of PDFs is valid in the limit where the spatial
and MSW distributions are uncorrelated. The predicted
number of events Nγi (the number of source photons in a
given data category) is a function of the following quan-
tities: the livetime of the observation, τ, the source spec-
tral parameters α j, and the effective area of the instru-
ment, Ae f f . Ae f f describes the probability of detecting
a given photon as a function of photon energy and ra-
dial offset within the camera, the variations in flux in-
tensity across the surface of the source, the position of
the source within the camera, and the fraction of the
source contained within the field of view. It also has
a conditional dependence on observation characteristics
such as sky brightness, zenith angle, and azimuth angle.
The number and nature of the parameters α j depend
on the source spectral model: e.g. for a power law,
dN/dE = f0(E/E0)−Γ, the α j would be f0 (differen-
tial source flux at a reference energy) and Γ (spectral
index), while a power-law model with an exponential
cutoff would add a third parameter for the cutoff energy.
As the background models are ad hoc, derived from cos-
mic ray data and simulations, the background parameter
NBi has a relatively straightforward dependence on the
livetime, with a conditional dependence on the observa-
tion characteristics cited above. An extended maximum
likelihood is used, which accounts for Poisson fluctua-
tions in the total number of events for each category.
Simultaneous fitting: Since the full log-likelihood
is merely the sum of the individual log-likelihoods, the
data categories may be fit simultaneously. In a simulta-
neous fit a separate model, carefully matched in terms
of response functions, etc., is used for each data cat-
egory. In principle, if each category in the fit had a
completely separate set of free parameters, the subdi-
vision of the data into categories would lead to a no-
ticeable loss of statistical power. However, the source
models ultimately depend on the same physical param-
eters that are used to describe the source morphology
and spectrum and these parameters are constrained to
be the same across all categories. For instance, a source
modeled as a simple Gaussian in photon arrival direc-
tion with a power-law spectrum would have three key
parameters: the width of the Gaussian, f0 and Γ. This
preserves the statistical power of the fit. The individual
background normalization parameters NBi may be left as
individual free parameters in the fit or constrained to a
smaller number of free parameters as appropriate.
5.3. An Illustrative Test Case
We illustrate the capabilities of the 3D MLM using
simulated observations of the Cygnus cocoon region.
This region contains multiple overlapping sources with
radial extensions ranging from a few tenths of a degree
to two degrees, all of which are either detected or have
the potential to be detected at energies greater than 300
GeV. Out of all the scientifically interesting regions con-
sidered in this paper, the cocoon and environs therefore
/ Nuclear Physics B Proceedings Supplement 00 (2018) 1–13 10
present the single most complete test of the 3D MLM’s
capabilities.
The simulations used here are simple toy model sim-
ulations based on the expected distribution of both sig-
nal and background in the three dimensions (spatial and
MSW) of the fit. They assume a VERITAS-like instru-
ment with comparable sensitivity and identical field of
view. The study uses approximately 200 hours of sim-
ulated observations tiled in a non-ideal, irregular ex-
posure pattern. The version of the 3D MLM used in
these studies is a less sophisticated version of the fit de-
scribed in the preceding section. In this case the spec-
tral behavior of the sources is not left as a free param-
eter and less sophisticated models are used for the in-
strument response functions. Due to a number of fac-
tors, including the time required to develop reasonable
background models in each bin of energy, this fit uses
a single pair of source and background models, appli-
cable between 500 GeV and 1 TeV. This focuses the
study on an energy range where Fermi LAT provides no
data, excludes energies for which the spectral behavior
of TeV J2032+4130 is poorly known and excludes en-
ergies above 1 TeV where extrapolations of the source
spectra grow most uncertain.
The simulation incorporates both of the known
gamma-ray sources detected by VERITAS (TeV
J2032+4130 and VER J2019+407) and assumes the
spectral parameters and spatial extensions reported by
VERITAS for these sources. Simple power-law extrap-
olations are used for the cocoon and γ Cygni, based
on the spectral parameters and fluxes reported in [37],
[49], and the 1FHL catalog [40]. The spatial model
used in all cases is a two-dimensional Gaussian of the
appropriate extent. The gamma-ray pulsars are not ex-
pected to contribute significantly above 500 GeV and
are therefore omitted from the simulations. In these pre-
liminary simulations we have also neglected the contri-
bution from the Galactic diffuse emission. The Galac-
tic diffuse spectrum falls off rapidly relative to that of
any of the sources of interest and the contribution at any
given point in the observed region is likely to be below
the sensitivity threshold of VERITAS.
The square root of the test-statistic, TS =
−2ln(L0/L1) where L1 is the maximum likelihood of the
test hypothesis and L0 that of the null hypothesis, is used
as a proxy for detection significance. The 3D MLM fit
detects emission from the simulated cocoon and simu-
lated γ Cygni with
√
TS values of greater than 45 and
8, respectively. Figures 9 and 10 also show that the γ
Cygni and cocoon morphologies emerge clearly. The
fit does a reasonable job of disentangling the overlap-
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Figure 9: Smoothed residual map (data minus background
model), derived from the 3D MLM applied to a toy model
simulation of ∼ 200 hours of irregularly tiled observations
by a VERITAS-like observatory. 1-σ contours are shown
for the Gaussian source models: the cocoon (dashed blue), γ
Cygni SNR (short-dashed green), VER J2019+407 (yellow),
and TeV J2032+4130 (black). The latter three sources are in-
cluded in the background model in this case. (A color version
of this figure is available in the online journal).
tion. VER J2019+407 can only be distinguished from
the γ Cygni SNR emission at the 3σ level. It is inter-
esting to note that this particularly challenging case of
source confusion parallels the evolution of Fermi LAT’s
perspective on the SNR. A source co-located with VER
J2019+407, reported in the 1FGL and 2FGL catalogs,
was subsequently subsumed into the disk-like emission
from the entire remnant [49].
It should also be noted that this study makes some-
what pessimistic predictions. While a simple two-
dimensional Gaussian was used to describe the cocoon
in [37], this assumed morphology is almost certainly
more featureless and diffuse than the actual cocoon mor-
phology, which should therefore be easier to resolve.
Furthermore, these sources are likely to develop dis-
tinct cutoffs at higher energies. A more complete fit that
leaves spectral parameters free and covers the energy
range from a few hundred GeV to 10 TeV should pro-
vide additional sensitivity and improve the fit’s ability
to distinguish overlapping sources in this region.
5.4. Future Instruments
Future studies of the type discussed here will not
be limited to the combined capabilities of Fermi LAT
IACTs, and HAWC. The Cherenkov Telescope Array
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Figure 10: Smoothed residual map from the same simulated
scenario as in Figure 9, but with all sources but γ Cygni in-
cluded in the background model. (A color version of this fig-
ure is available in the online journal).
(CTA), a pair of planned next-generation IACT arrays
in the northern and southern hemispheres, promises
broader energy coverage, dramatically improved (<
0.04◦) angular resolution, a comparatively large (7 −
8◦) field of view and order-of-magnitude increase
in sensitivity between 100 GeV and 10 TeV [65,
66]. LHAASO, a hybrid instrument combining water
Cherenkov and particle detectors [67], also promises
unprecedented sensitivity between 20 TeV and a PeV.
6. Conclusions
Pulsars and their associated PWNe may play a role
in explaining the unexpected increase in cosmic ray
positrons at high energies. In particular, studies of the
Geminga PWN at very high energies may constrain the
scenario in which a single local source accounts for the
entire positron excess. PWNe also complicate the study
of gamma-ray emission from potential cosmic ray nurs-
eries. Harnessing the combined power of data from
Fermi LAT , IACTs such as VERITAS, and HAWC to
address these questions presents unique but not insur-
mountable technical challenges. In the immediate fu-
ture, combined studies using current-generation instru-
ments and new data analysis techniques will shed new
light on the relationship of PWNe to the larger cosmic
ray mystery story. What we learn now will guide even
more sensitive studies with powerful next-generation in-
struments over the coming decades.
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